Atherosclerosis may be viewed as an inflammatory disease process that includes early oxidative modification of LDLs, leading to foam cell formation. This "oxidation hypothesis" has gained general acceptance in recent years, and evidence for the role of lipoxygenases in initiation of, or participation in, the oxidative process is accumulating. However, the relative contribution of macrophage-expressed lipoxygenases to atherogenesis in vivo remains unknown. Here, we provide in vivo evidence for the role of 12/15-lipoxygenase in atherogenesis and demonstrate diminished plasma IgG autoantibodies to oxidized LDL epitopes in 12/15-lipoxygenase knockout mice crossbred with atherosclerosis-prone apo E-deficient mice (apo E -/-/L-12LO -/-). In chow-fed 15-week-old apo E -/-/L-12LO -/-mice, the extent of lesions in whole-aorta en face preparations (198 ± 60 µm 2 ) was strongly reduced (P < 0.001, n = 12) when compared with 12/15-lipoxygenase-expressing controls (apo E -/-/L-12LO +/+ ), which showed areas of lipid deposition (15,700 ± 2,688 µm 2 ) in the lesser curvature of the aortic arch, branch points, and in the abdominal aorta. These results were observed despite cholesterol, triglyceride, and lipoprotein levels that were similar to those in apo E-deficient mice. Evidence for reduced lesion development was observed even at 1 year of age in apo E -/-/L-12LO -/-mice. The combined data indicate a role for 12/15-lipoxygenase in the pathogenesis of atherosclerosis and suggest that inhibition of this enzyme may decrease disease progression.
Introduction
Atherosclerosis, the underlying cause of myocardial infarction, stroke, and vascular occlusive disease of the extremities, is the leading cause of mortality in the United States (1) . Considerable evidence has accumulated in recent years to support the hypothesis that LDL oxidation plays an important role in atherogenesis (2) (3) (4) . This so-called "LDL oxidation hypothesis" arose from initial data indicating that endothelial cells (5) (6) (7) , smooth muscle cells (7, 8) , and macrophages (9) could oxidatively modify LDL in vitro, enabling its uptake by macrophages and leading to foam cell formation. Other studies have shown the presence of oxidatively modified LDL (oxLDL) and oxidized lipids in atheromatous tissue, including fatty acid and cholesteryl ester hydroperoxides (10) (11) (12) . OxLDL is immunogenic, and autoantibodies to it are present in animal and human serum (13, 14) . Furthermore, distinct markers of oxidative stress, known as isoprostanes, are associated with atherosclerotic lesion development (15, 16) , and vitamin E is able to suppress lesion development and isoprostane levels in atherosclerotic-prone mice (17) .
OxLDL promotes atherogenesis by many potential mechanisms (18, 19) . For instance, it contributes to monocyte recruitment into developing lesions and its retention there (19) (20) (21) (22) . It also profoundly affects gene expression of vascular wall cells, leading to changes in chemokine and cytokine responses. Cytokines, in turn, modulate LDL oxidation in activated monocytes (23) . OxLDL also regulates macrophage gene expression through ligand activation of the peroxisome proliferator-activated receptor γ (PPAR-γ; ref. 24) .
The mechanisms for generation of oxLDL in vivo have been debated. Among the potential candidates are lipoxygenase enzymes (25, 26) . Lipoxygenases are a family of non-heme iron-containing dioxygenases that insert molecular oxygen into polyenoic fatty acids (27, 28) . Human and rabbit 15-lipoxygenases, as well as porcine "leukocyte-type" 12-lipoxygenase (L-12LO), are capable of directly oxygenating esterified fatty acids in lipoproteins (cholesteryl esters) and phospholipids (26, 29, 30) . These particular enzymes can be classified as 12/15-lipoxygenases because they form both 12-hydroperoxy-eicosatetraenoic acid (12-HPETE) and 15-HPETE from arachidonic acid (in various ratios) and predominantly 13-hydroperoxy-octadecadienoic acid (13-HPODE) from linoleic acid (27, 28 (34) (35) (36) , and stereospecific lipoxygenase products have been demonstrated in early atherosclerotic lesions of rabbits and humans (37) (38) (39) . However, there is evidence for both pro-and antiatherogenic activity of 12/15-lipoxygenase (40) (41) (42) (43) (44) .
Based on the proatherogenic properties, disruption of 12/15-lipoxygenase expression might be expected to reduce oxidative modification of LDL by macrophages and to result in decreased foam cell formation and inhibition of the early stages of atherosclerotic lesion development. To test this hypothesis, we crossbred 12/15-lipoxygenase-deficient mice (also referred to as L-12LO-deficient or L-12LO -/-; ref. 45 ) with hypercholesterolemia-and atherosclerosis-prone apo E-deficient mice (apo E -/-) (46) and analyzed aortic lesion development. Our results suggest a proatherogenic role for 12/15-lipoxygenase in this model.
Methods

Generation of apo E -/-/L-12LO -/-double-knockout mice.
Apo E-deficient mice on the C57BL/6 genetic background were obtained from The Jackson Laboratory (Bar Harbor, Maine, USA). The generation of L-12LO-deficient mice was previously described (45) . They were backcrossed 7 times to C57BL/6 and were crossbred with apo E -/-mice. Mice were genotyped either by PCR analysis (apo E) or Southern blot analysis (L-12LO) as described (45, 46) . All mice were kept on a 12-hour light/12-hour dark cycle and were fed a normal mouse-chow diet (RP5015; PMI Feeds Inc., St. Louis, Missouri, USA). Food and water were available ad libitum. All animal procedures were carried out in accordance with institutional and National Institutes of Health guidelines.
L-12LO activity assay and reverse-phase HPLC. Resident peritoneal macrophages were harvested (45) into Dulbecco's PBS containing 1 mg/mL BSA. The cells were incubated with 100 µM arachidonic acid at 37°C for 15 minutes. Samples were extracted with octadecylsilyl-silica (ODS-silica) columns (Millipore Corp., Bedford, Massachusetts, USA) and separated by reverse-phase HPLC (RP-HPLC) (Series 1050 HPLC system; Hewlett-Packard, Palo Alto, California, USA) using a Phenomenex ODS-silica column and a solvent system consisting of acetonitrile/methanol /water/acetic acid (350:150:250:1; vol/vol) at a flow rate of 1.5 mL/min. The effluent was monitored by ultraviolet absorption at 235 nm to detect hydroxyeicosatetraenoic acid (HETE) compounds.
Quantitation of atherosclerosis. Mice were anaesthetized and bled via cardiac puncture. Perfusion-fixation and preparation of the aortas were done as described previously (13) . For the en face preparations, images of Sudan IV-stained aortas were captured with a Sony DXC-960MD color video camera, and image analysis was performed using Optimas 4.0 image analysis software (Bioscan, Seattle, Washington, USA). Alternate 10-µm frozen sections covering 300 µm of the proximal aorta, starting at the aortic sinus, were stained for atherosclerotic lesions with oil red O (47) . Image analysis was performed using the Kontron 400 software (Carl Zeiss Jena GmbH, Jena, Germany).
Lipid and HPLC analysis. Plasma triglyceride and total cholesterol levels were determined via an automated enzymatic technique (Boehringer Mannheim GmbH, Mannheim, Germany). Mouse lipoproteins were separated by fast protein liquid chromatography (FPLC) analysis of plasma using 2 Superose 6 columns in series (Pharmacia Biotech Inc., Piscataway, New Jersey, USA). Aliquots of mouse plasma (100 µL) were injected onto the column, separated with a buffer containing 0.15 M NaCl, 0.01 M Na 2 HPO 4 , and 0.1 mM EDTA (pH 7.5) at a flow rate of 0.5 mL/min, and analyzed for lipids.
Immunohistochemistry. Immunostaining sections for macrophage content was performed with the avidin-biotinalkaline phosphatase method (Vector Laboratories, Burlingame, California, USA; and Boehringer Mannheim GmbH), using rat mAb to mouse macrophages (MOMA-2; Accurate Chemical and Scientific Corp., Westbury, New York, USA) diluted in PBS 1:30 (48) . A rabbit polyclonal antibody against mouse L-12LO was generated against an NH 2 -terminal, 6-histidine-tagged, full-length fusion protein purified from baculovirus-infected Sf9 insect cells. The IgG fraction was purified using affinity chromatography isolation with Protein A (Pierce Chemical Co., Rockford, Illinois, USA). Cryosections (5 µm) were immunostained with this polyclonal antibody at a dilution of 1:50, using the avidin-biotin-horseradish peroxidase method (Vector Laboratories).
Determination of autoantibody titers against oxLDL epitopes. The titers of autoantibodies to oxLDL and malondialdehyde-modified LDL (MDA-LDL) were determined in individual plasma samples of apo E -/-/L-12LO -/-and apo E -/-/L-12LO +/-mice using a highly sensitive chemiluminescent detection system (14) . Copper oxLDL and MDA-LDL were plated as antigens on microtiter wells, and a 1:500 dilution of mouse plasma was added. The Statistical analysis. Initial analyses were performed by the Student's t test. If the data did not fit the constraints of this parametric test, data were analyzed with Kruskal-Wallis ANOVA or the Mann-Whitney test. P < 0.05 was considered significant. Correlations between autoantibody titers and the extent of en face lesions were determined by linear regression analysis. Instat 2.01 software (Instat Computer Software, San Diego, California, USA) was used for all calculations. All data are presented as mean ± SEM.
Results
Apo E -/-/L-12LO -/-double-knockout mice: lipid profiles and 12-lipoxygenase activity.
Apo E-deficient mice have marked hypercholesterolemia and develop atherosclerotic lesions in the aortic root and throughout the entire aorta in a reproducible, time-dependent manner, even when fed a normal chow diet (46, 49) . Atherosclerosis in these mice appears to be oxidation dependent (13, 17) , and they develop elevated titers of IgG autoantibodies to epitopes of oxLDL (13) . L-12LO -/-mice were backcrossed to the C57BL/6 background 7 times and were crossbred with mice lacking apo E (apo E -/-). Double-knockout (apo E -/-/L-12LO -/-) mice were fertile and outwardly healthy. All animals were maintained on a normal chow diet and gained weight in a similar manner (data not shown). At 15 weeks of age, all apo E -/-mice either completely deficient in L-12LO (L-12LO -/-), heterozygous for the L-12LO mutant allele (L-12LO +/-), or wild-type (L-12LO +/+ ) had similar plasma levels of triglycerides and cholesterol (Table 1) . Moreover, the lipoprotein profile showed almost identical distribution between the VLDL, LDL, and HDL cholesterol Figure 1 ). Macrophages from double-knockout mice were incapable of generating 12-hydroxy-eicosatetraenoic acid (12-HETE) and 15-HETE from arachidonic acid, whereas macrophages from apo E -/-/L-12LO +/-and apo E -/-/L-12LO +/+ mice synthesized both products (Figure 2) .
Lack of 12/15-lipoxygenase results in diminished lesion development in apo E-deficient mice. Atherosclerotic lesion development was determined in aortic preparations beginning directly distal to the aortic valve, extending into the proximal parts of the major branching arteries, and ending about 1 cm behind the iliac bifurcation (en face preparations; Figure 3a ). The average (arithmetic mean) size of the atherosclerotic lesions in the apo E -/-/L-12LO -/-doubleknockout mice (198 ± 60 µm 2 ) was significantly reduced when compared with apo E -/-/L-12LO +/+ single-knockout mice (15,700 ± 2,688 µm 2 ; P < 0.0001, t test) and apo E -/-/L-12LO +/-mice (15,045 ± 3,134 µm 2 ; P < 0.0001) (Figure 3b ). There was no correlation between lesion size and plasma cholesterol concentration in the
Quantitation of lesion areas by section analysis in the proximal aorta was performed in the region using the first 300 µm of the proximal aorta, starting at the aortic sinus and evaluating alternate 10-µm sections. As in the en face analysis, significantly reduced lesion development was detected between apo E -/-/L-12LO -/-doubleknockout mice (22, Figure  4h ), which is consistent with previous in situ hybridization data (45) . Heterogeneity of macrophage L-12LO expression within lesions may exist but was not evaluated in the present study. Data are expressed as the mean ± SEM. Cholesterol and triglyceride levels were not significantly different between genotypes: P = 0.43 by Kruskal-Wallis nonparametric ANOVA and P = 0.56 by one-way ANOVA, respectively. 
Figure 2
To delineate the time dependency of lesion development, apo E -/-/L-12LO -/-double-knockout mice and apo E -/-/L-12LO +/-mice were maintained on a normal mouse-chow diet for a period of 1 year. En face preparations of their aortas demonstrated significantly enhanced lesion development in the apo E -/-/L-12LO +/-
heterozygous mice (209,997 ± 80,864 µm 2 ) as compared with the apo E -/-/L-12LO -/-double-knockout mice (90,125 ± 23,034 µm 2 ; n = 10, P < 0.0001, Mann-Whitney test). However, the latter group of mice now shows substantial lesion development as opposed to that observed at the 15-week time point ( Figure 5 ).
Autoantibodies against oxLDL are diminished in apo E -/-/L-12LO -/-double-knockout mice.
When LDL undergoes oxidative modification and atherosclerosis occurs, a variety of neoepitopes are formed that result in autoantibody formation (13) . In cholesterol-fed LDL receptor-deficient mice, the titer of autoantibodies to an epitope of oxLDL correlated significantly with the extent of atherosclerosis (50) . Antibodies can be detected with oxLDL itself as an antigen or by using a model epitope such as MDA-LDL. Using a solid-phase chemiluminescent immunoassay, we measured the titers of anti-oxLDL and anti-MDA-LDL antibodies in the plasma of mice and sought to correlate the titers to the extent of lesions quantitated by the en face method. There were no differences in IgM antibody titers. However, there were significantly elevated titers of IgG to both antigens in apo E -/-/L-12LO +/-mice as compared with apo E -/-/L-12LO -/-double-knockout mice ( Figure 6 ; 1,931 ± 435 vs. 787 ± 161 for MDA-LDL, and 378 ± 116 vs. 145 ± 36 for oxLDL; RLU/100 ms, n = 9 and n = 15, respectively; P < 0.05, t test). These results correlate with the increased degree of lesion progression in the mice expressing 1 allele of L-12LO (r = 0.64, P = 0.01 for oxLDL antibody data; r = 0.54, P = 0.045 for MDA-LDL antibody data).
Discussion
These studies have addressed the in vivo role of 12/15-lipoxygenase in atherogenesis in the apo E -/-mouse model of atherosclerosis. Apo E -/-/L-12LO -/-double-knockout mice at 15 weeks of age on a normal chow diet displayed no significant atherosclerotic lesions in whole-aorta en face preparations, in strong contrast to the apo E -/-/L-12LO +/-heterozygous and apo E -/-/L-12LO +/+ control mice. Expression of 1 allele of the L-12LO gene was apparently sufficient to yield similar lesion size in mice expressing 2 copies of the L-12LO gene on an apo E-deficient background, indicating no gene dosage effects. These lesion data are even more compelling because the total cholesterol and triglyceride levels, as well as the lipoprotein profiles, were similar among all groups of animals. Interestingly, although still statistically significant, the difference in atherosclerotic lesions in the aortic sinus region, as measured by section analysis, was less striking than that seen in the en face preparations of the distal aorta. In apo E-deficient mice, lesions in the aortic sinus area are among the most prominent early sites of predilection (51); thus, lesions there are usually the most advanced at any subsequent time they are measured. The reasons for this are not fully known, but the aortic sinus area may be subjected to higher turbulent flow forces than are distal regions. Thus, turbulent flow-related atherogenic mechanisms could diminish the early protection afforded by absence of macrophage L-12LO expression in the aortic sinus.
These data suggest that lipoxygenases are involved in the early stages of atherogenesis. The initial lipid peroxide resulting from the lipoxygenase reaction is stereospecific, but as nonenzymatic lipid peroxidation ensues, the hydroperoxides generated would be increasingly racemic. Indeed, consistent with this idea are the observations that predominantly stereospecific arachi- donate and linoleate metabolites are found in early atherosclerotic lesions (37) (38) (39) . More advanced lesions show a racemic mixture of metabolites indicative of nonenzymic lipid peroxidative processes. Thus, once early macrophage-laden subintimal deposits are "seeded" with lipoxygenase-derived hydroperoxides (initiation phase), the oxidized lipids that subsequently accumulate increasingly reflect an independent pathway. Our results corroborate these findings, because at 15 weeks, at a time early in fatty streak development in the apo E-deficient mouse model, we observed such striking differences. To delineate further the time dependency of lipoxygenase involvement in atherogenesis in vivo, we examined lesion development in apo E -/-/L-12LO -/-double-knockout mice and apo E -/-/L-12LO +/-heterozygous mice that were maintained on a normal mouse-chow diet for 1 year. A significant difference in lesion development still remains between the 2 groups, although the apo E -/-/L-12LO -/-double-knockout mice now show substantial atherosclerosis in the en face preparations. This result could indicate that lipoxygenase expression still plays a role in lesion development in later stages of disease progression. Alternatively, once the early stage is influenced by gene disruption, there could be a dramatic alteration of ensuing events in older mice that limits progression of lesion development.
In mice, L-12LO is most highly expressed in macrophages isolated from the peritoneal cavity (45) . In humans, the corresponding 15-lipoxygenase is highly expressed in monocytes treated with IL-4 (23, 52) or IL-13 (23, 53) and in reticulocytes (54) . Disruption of the mouse gene leads to blockade of 12-HETE and 15-HETE formation from arachidonic acid, with some shunting of substrate to the 5-lipoxygenase pathway (45) . L-12LO-deficient macrophages incubated with LDL do not show any differences in terms of lipid peroxidation compared with wild-type macrophages incubated with LDL (45) . However, when stimulated with zymosan, these macrophages demonstrate a decreased ability to modify LDL in the medium, as measured by isoprostane iPF 2 α-III (formerly known as 8-epi-PGF 2 α ; ref. 55) or thiobarbituric acid-reactive substances, when compared with wild-type macrophages. In the current study, we found evidence that serum autoantibodies against oxLDL epitopes of the IgG class were substantially reduced in apo E -/-/L-12LO -/-mice compared with control apo E -/-/L-12LO +/-mice. This apparent correlation of lipoxygenase activity and oxLDL autoantibodies suggests that autoantibodies against oxLDL, like isoprostanes, may be useful as markers for enhanced lipid peroxidation and thus enhanced susceptibility to atherogenesis. A study of overexpression of 15-lipoxygenase in rabbit iliac arteries indicated that the enzyme might promote atherogenesis (56) . The occurrence of oxLDL epitopes was demonstrated in the transfected areas as compared with the contralateral sham-transfected iliac artery (56) . Furthermore, in 2 recent publications, it was found that a 15-lipoxygenase inhibitor, PD146176, attenuated the progression of atherosclerosis and monocyte-macrophage enrichment of lesions in hypercholesterolemic rabbits in the absence of changes in plasma total or lipoprotein cholesterol (42, 43) , although there was no direct proof of enzyme inhibition in vivo. However, in another study, a different result was found when transgenic rabbits were generated that overexpressed 15-lipoxygenase in macrophages under control of a lysozyme promoter. These rabbits appeared to develop less atherosclerosis in 2 of 3 experiments (44). The reasons for the differences among these studies are not clear at present.
What could be the mechanisms intertwining 12/15-lipoxygenase, oxidation of LDL, and atherosclerosis lesion development? The 12/15-lipoxygenases are cytosolic intracellular enzymes that can interact with plasma membrane or intracellular sites to access their substrate. However, approach to extracellular LDL would be difficult unless the enzyme could be released from macrophages in the microenvironment of the subintimal space. This, however, has not yet been demonstrated. More likely is the possibility that lipoxygenase-derived hydroperoxides or secondary reactive lipid species may be transferred across the cell membrane to "seed" the extracellular LDL, which would then be more susceptible to a variety of mechanisms that could promote lipid peroxidation. Indeed, it has been shown that LDL incubated with 15-lipoxygenase-transfected fibroblasts has an increased content of lipid hydroperoxides and biological properties of minimally oxidized LDL (57) (58) (59) ).
An alternative model is that activation of the 12/15-lipoxygenase pathway in newly recruited monocytes/macrophages provide 12/15-HETE or 13-hydroxy-octadecadienoic acid ligands for PPAR-γ, which in turn activates transcription of CD36, one of the receptors for oxLDL, and leads to enhanced oxLDL uptake (24, 60, 61) . Another possibility from these studies with the 12/15-LO gene-disrupted mice is the compensatory change in other pathways that might influence lesion development. Previously, with in vitro macrophage incubations, we found evidence for enhanced 5-lipoxygenase product formation. This was not a gene regulatory event, but a diversion of substrate arachidonic acid to this pathway. With the advent of mouse atherosclerotic models described here, it should be possible to address some of these various mechanistic issues.
In conclusion, we have generated evidence that a lipoxygenase enzyme plays an important role in the development of atherosclerosis in vivo. L-12LO deficiency reduces lesion development in apo E-deficient mice and leads to a reduction in the formation of antibodies directed against oxLDL epitopes, but does not substantially alter plasma cholesterol levels. It remains to be determined whether specific 12/15-lipoxygenase inhibitors could prove beneficial for early atherosclerosis intervention.
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Figure 6
Diminished titers of antibodies directed toward oxLDL epitopes in apo E -/-L-12LO -/-mice. Solid-phase chemiluminescent immunoassays of autoantibodies to oxLDL and MDA-LDL epitopes in plasma samples of apo E -/-/L-12LO +/-and apo E -/-/L-12LO -/-mice (n = 9 and n = 15, respectively; mean ± SEM). *P = 0.008 for autoantibody titers to MDA-LDL, and P = 0.03 for autoantibody titers to oxLDL (t test). Data are expressed as relative light units per 100 milliseconds (RLU/100 ms).
